Abstract Protochordate genomes enable a prevalence of hemostasis evolution. Broad searches were performed for homologs of human serine proteases of hemostasis on the genomes of Branchiostoma floridae, Saccoglossus kowalevskii, and Strongylocentrotus purpuratus. Sequences were analyzed by multiple bioinformatic tools. The survey revealed numerous homologous components. Amphioxus was rich in some serine proteases not accompanied by gamma-carboxyglutamic or kringle domains similar more to thrombin than to other coagulation factors. The serine proteases found in amphioxus exhibited the attributes similar to those of thrombin by phylogeny relationships, sequence conservation, gene synteny, spatial structure, and ligand docking. A few plasminogen-and plasminogen activators-like proteases with kringles were also present. Those serine proteases demonstrated the greatest proximity rather to plasminogen or plasminogen activators than to thrombin. Searching for homologs of serine protease hemostatic factors in acorn worm and sea urchin revealed several components similar to those found in amphioxus. Hypothetically, the common ancestor of chordates had three separate serine proteases that evolved independently into immunoglobulin-like and kringle proteases in lancelets, and prothrombin, plasminogen activators, and plasminogen in vertebrates. Ancestral proteases evolved in vertebrates into hemostasis factors after merging the proper N-terminal domains and duplications.
Introduction
Molecular cloning and availability of the whole genome sequences of chordates enables reconstruction of complex processes like hemostasis (Davidson et al. 2003a; Davidson et al. 2003b; Doolittle 1993; Doolittle et al. 2008; Doolittle 2009 Doolittle , 2011 Doolittle , 2012 Doolittle and Feng 1987; Jiang and Doolittle 2003; Escriva et al. 2002; Loof et al. 2011) , complement system (Nonaka and Yoshizaki 2004; Suzuki et al. 2002) and embryonic development (Krem and Di Cera 2002) . It has been reported that lampreys have simpler coagulation system with sole predecessor genes corresponding to human blood coagulation factors IX (FIX) and X (FX) and their cofactors: factor V (FV) and VIII (FVIII) Kimura et al. 2009 ). On the other hand the intrinsic phase of clotting is much younger and appears to be characteristic only for placental and marsupial mammals. Monotremes, birds, and amphibians have lone predecessor gene for factor XI/plasma prekallikrein (FXI/PK) but fish lack the genes for proteases of the contact phase of blood coagulation (Table 1) (Ponczek et al. 2008) .
Recently performed whole genome sequencing of exponents of primitive chordates like amphioxus Branchiostoma floridae (Putnam et al. 2008 ) and sea squirt Ciona Intestinalis (Dehal et al. 2002) , hemichordates like acorn worm Saccoglossus kowalevskii and echinoderms such as sea urchin Strongylocentrotus purpuratus (Sodergren et al. 2006 ) enables moving back before divergence of lamprey in analysis of evolution of hemostasis.
The chain of cascade reactions involving several serine proteases from chymotrypsin subfamily in the form of zymogens converted to active enzymes shapes the hemostatic system of vertebrates (Riddel et al. 2007; Schenone et al. 2004) . These proteases are blood coagulation factors VII (FVII), FIX, FX, XII (FXII), FXI, PK, protein C (PC), protein Z and the key protein of coagulation: prothrombin (T), as well as proteases of fibrinolysis like plasminogen (Plg) and two plasminogen activators-tissue (tPA) and urokinase (uPA) (Fig. 1a) .
The proteases of extrinsic pathway of blood coagulation-FVII, FX, and FIX share resemblance in sequence and domain arrangement in all vertebrates (Fig. 1b) .
The studies of the jawless vertebrates like lamprey, strengthened the arguments about importance of gene duplications in the evolution of hemostasis. The duplications in common ancestor of jawed vertebrates must have resulted in divergence of separate FIX and FX as well as their cofactors . Similarly, analysis of genomes of amphioxus and other primitive chordates and ''pre-chordates'' might provide information about the beginnings of serine proteases of coagulation system as well as some other factors in predecessors of vertebrates. Sequence similarity and phylogenetic trees based on sequence alignments, occurrence and arrangement of domains, synteny (the co-localization of sets of genes on chromosomes), and spatial structure might serve to shed some additional light on the pre-vertebrate evolution of (Altschul et al. 1997) . TBLASTN searches with domains of serine proteases of hemostasis (serine protease and GLA domains of prothrombin, FX, FIX, FVII and protein C; kringles of plasminogen, tPA and uPA) were performed against B. floridae v1.0 unmasked assembly (Bfv1UA) with local BLAST software as well as JGI genome browser. The highest hits were verified by B. floridae v2.0 assembly (Bfv2A) and next blasted against the NCBI nonredundant and nucleotide database. NCBI protein BLAST was used to search for proteins in genome databases of B. floridae, S. purpuratus and S. kowalevskii. Reconstructions between exons were made with GeneScan (Burge and Karlin 1997) and by manual assembles of multiple amino acid sequence alignments and BLAST results. Multiple alignments were made with ClustalW (Thompson et al. 1994) . Phylip 3.69 software package was employed to count consensus tree by parsimony method after 100 bootstrap replications (Felsenstein 1989 (Henikoff and Henikoff 1992) . The phylogenetic trees were drawn with iTOL (Letunic and Bork 2007) . Serine protease sequence of sea anemone Nematostella vectensis (XP_001633098)* was used as out-group. Synteny analyses and additional DNA comparisons were made with ACT DNA Sequence Comparison Viewer (Carver et al. 2005) . Ancestral sequences were reconstructed using ANCES-CON (Cai et al. 2004 ) on the web site http://prodata.sw med.edu/ancescon/ancescon.php. One predicted amphioxus protease together with its acorn worm homolog and two hypothetical ancestors generated by ANCESCON were chosen for homology modeling with SwissModel in automated mode (Kiefer et al. 2009 ) and the spatial structures were visualized by Autodock tools (Sotriffer et al. 2000) . Ligand docking of three physiological ligands of thrombin with chosen lancelet serine protease was performed using Autodock Vina 1.0 (Trott and Olson 2010) .
Homology modeling was performed with 1FPH thrombin structure (Stubbs et al. 1992 ) as a template. The predicted structure of amphioxus protein was additionally tested by Autodock Vina 1.0 (Trott and Olson 2010) and visualized by Autodock Tools v 1.5.6rc1 (Sotriffer et al. 2000) for binding of 3 peptide ligands typical for thrombin of vertebrates: fragment of fibrinopeptide A: DFL AEGGGVR, fragment of hirudin: DFEEIPEEpY and N-terminal fragment of seven-transmembrane-domain protease activeted receptor (peptide NRS, a part of PAR-1):
2 ). Structures of fibrinopeptide A and hirudin were extracted from 1FPH and a sequence of PAR1 extracellular fragment (peptide NRS) was taken from 1NRN 1 (Mathews et al. 1994 ) and 3LU9 2 (Gandhi et al. 2010 ) using Swiss-PdbViewer DeepView v4.04 http:// www.expasy.org/spdbv/ (Guex and Peitsch 1997) . The structures of bolded, presented above, sequences were saved as separate PDB files and after conversion to PDBQT files in Autodock Tools used as ligands in Vina.
Results

Searching for Blood Coagulation-Like Serine Proteases
Human amino acid sequences from serine protease domain (containing catalytic triad His57, Asp102, Ser195) of prothrombin, protein C, and factors VII, IX, and X were taken as templates to search for hypothetical orthologs. The best hits were blasted against the NCBI protein BLAST with a selection of optional vertebrate organism, including taxa of Homo, Mus, Gallus, Xenopus, Danio, Branchiostoma, Saccoglossus and Strongylocentrotus. The best result for prothrombin was found on scaffold 396 (Bf_V2_279) of amphioxus genome. The reconstructed protease domain was the first on the list as thrombin, 42, 43, and 43 % identical, respectively, in human, mouse, and frog NCBI back-search. Moreover, the sequence could be identified as hypothetical protein BRAFLDRAFT_241477 (alternative nomination XP_002587250 or EEN43261)** when backsearched against B. floridae. No GLA, kringle or EGF domains could be found in the upstream region of the gene. Surprisingly, an exon for immunoglobulin-like (IG-like) domain between hypothetic promoter and serine protease domain was found. The sequence was flanked by introns with AG and GT, respectively. Blasting of IG-like and serine protease sequences with no species selection resulted in 6 hits of B. floridae homologs with similarity varying from 49 to 73 % (including BRAFLDRAFT_241477 or XP_002587250 100 % hit). The seventh hit was 34 % identical protein described as ''similar to Low-density lipoprotein-receptor-related protein 4 precursor'' from sea urchin Strongylocentrotus purpuratus, (XP_783851)*** and the eighth serine protease was putative-like of Saccoglossus kowalevskii (XP_002740278)****. The sea urchin protein appeared to be a serine protease with 4 lowdensity lipoprotein-receptor domains, EGF domain, 2 sushi repeats, and 2 IG-like domains. The acorn worm protease had no additional domains. The protease domains of sea urchin and acorn worm were 41 and 45 % identical with lancelet protein, respectively. Protease domain of human prothrombin blasted against the sea urchin and acorn worm genomes returned the same proteins (XP_783851 43 % identical and XP_002740278 42 % identical). The next hits were similar below 40 % both for echinoderms and hemichordates. Acorn worm had one more paralog XP_002737308, 47 % identical with XP_002740278 but that additional protein had C-terminal FReD domain. The back-search against human gave 40 % identical prothrombin for protease domain a template and 42 % identical fibrinogen-like-1 for FReD domain as template. Searching the amphioxus serine protease domain against echinoderms revealed additional 40 % identical serine protease with IG-like domain (similar to Lpa-prov protein (XP_788297.2) in the sea urchin genome. The next hits, 35 and 38 % identical respectively, were described as ''similar to thrombin'' (XP_001193031.1) and ''similar to prothrombin precursor'' (XP_001176043.1). The first record had IG-like domain, but the second was equipped with 3 fibronectin domains and one SRCR domain.
Alignments of the lancelet scaffold 396 protein with vertebrate prothrombins showed that amphioxus protein had 100 % conserved motif DACEGDSGGPF within serine protease with serine residue from catalytic triad almost in the middle (underlined) and 66 % conserved sequence VSWGDGCAL (differences with human in italics). Their equivalents are responsible for the binding of fibrinopeptide A in vertebrate thrombin. Moreover two more proteins were found with the same conserved motifs in B. floridae. The first denominated in databases as XP_002593216, EEN49227.1 or BRAFLDRAFT_209883 was 75 % identical with the scaffold 396 protein and the second-XP_002601488 (EEN57500, BRAFLDRAFT_ 241809) was 70 % identical. Sequences characteristic for hirudin and protease-activated receptor (PAR) binding (peptide NRS), which are located in thrombin exosite I, were not very well conserved, but Exosite II (human following sequences: Arg93-Ile103: RYNWRENLDRDI, Arg185-Ser195: RG DACEGDS, Val213-Gly226: VSWGEGCDRDGKYG) (Mathews et al. 1994) and Na ? binding site (human following sequences: Met180-Tyr184: MFCAGY, Lys224-Tyr228: KYGFY, Val213-Gly219: VSWGEG, Gly188-Glu192: GD ACE) were conservative ( Fig. 2) (Di Cera 2003; Di Cera 2007; Di Cera 2008; Di Cera 2009; Di Cera et al. 1995) . The close relation of scaffold 396 (XP_002587250) protein and the other amphioxus, acorn worm and sea urchin proteases with prothrombin of vertebrates was confirmed both by a phylogenetic tree calculated with bootstrapping and by Markov chain Monte Carlo method. The thrombin-like proteases of amphioxus**, acorn worm****, and sea urchin*** form a common clade with vertebrate prothrombin serine protease domain (Fig. 3) .
ACT synteny analysis revealed extensive conservation between amphioxus scaffold 396 and human chromosome 11 (the location of human prothrombin gene). As an example solitary gene for carnitine palmitoyltransferase (in human three genes: CPT1A-Chr. 11, CPT1B-Chr. 22, CPT2C-Chr. 19) could be found for amphioxus and it was placed on scaffold 396 (Fig. 4) .
Serine protease domains of factors VII, IX, X and PC returned many hits against the B. floridae, S. kowalevskii, and S. purpuratus genomes. All homologs were identical less than 41 %, they had no typical amino terminus domains and the back-search pointed on human trypsin identical from 39 to 53 % for lancelet, on human thrombin identical 42 % for acorn worm and on human transmembrane proteases identical 40 % for sea urchin. None of them can be regarded as true orthologs of vertebrate coagulation factors VII, IX, X and PC (Table 1) .
Four plasminogen-like proteases (XP_002596007, XP_002590082, XP_002590083, and XP_002596021) were detected in B. floridae using human plasminogen serine protease domain with 5 kringles as template. Amphioxus proteins had only 2 kringle domains instead of 5 like in vertebrate plasminogens. The back-search against human returned plasminogen for all of them with 44, 44, 40, and 34 % identity, respectively. Human hepatocyte growth factor (HGF) (4 kringle paralog of plasminogen) pointed on the same results but with lower similarity (33, 36, 35 and 29 % respectively). Moreover, human plasminogen and HGF kringles returned XP_002609225 in lancelet as a best hit. The record appeared to be 12 kringle protein with transmembrane motif but without serine protease domain. It was 43 and 48 % identical to plasminogen and HGF kringles, respectively. Three additional kringle proteases (XP_002601959, XP_002596022, XP_002596023, and XP_002596018) were found using whole tissue and urokinase-type plasminogen activators as templates. The first sequence had 2 kringle domains and was 41 % similar to HGF. The rest had only one kringle domain. Their protease domains were 46 and 42 % similar to transmembrane protease serine 11F and 44 % similar to hepsin in back-search, respectively. They were only 40-41 % similar to plasminogen and less than 40 % similar to uPA or tPA. When uPA and tPA protease domains were used as templates the best hit in amphioxus was XP_002605710, the protein without kringle domains. It was 40 % similar to both templates. Additional hits were serine proteases that had kringle, SRCR (Scavenger receptor cysteine-rich domain) and LDL domains (LDL receptor domain class). Acorn worm returned record XP_002736981 with protease domains 47, 43, 46, and 45 % identical with XP_002596007, XP_002590082, XP_002590083, and XP_00 2596021, respectively, but without kringle domains. Additional proteases had mostly CUB domains. Finally, no kringles attached to serine proteases could be found in acorn worm. Similarly, in sea urchin no kringles were associated directly with serine protease domain, however one containing kringles serine protease was found. The protein was described as similar to GRAAL2 protein (with two numbers-XP_001192777 and XP_783458). The protease domain shared 45 % similarity with human apolipoprotein, 42 % with plasminogen, and 40 % with chymotrypsinogen B2 protease domains. The protein appeared to be a real mosaic. It had SRCR, kringle, two PANs, kringle, discoidin, LDL, PAN, LDL and SRCR before C-terminus of serine protease domain.
GLA Domains
GLA sequences from human prothrombin, FX, FIX, FVII, and protein C to search the sea urchin, acorn worm and amphioxus genomes were used. No GLA domains were found in sea urchin whereas only one GLA domain was found in acorn worm. It was located at N-terminus of a multiple EGF protein (XP_002740003) and was 54 % similar to human GLA of prothrombin. Two GLA domains were found to be encoded in the lancelet genome. The first GLA was located in a protein XP_002599334 found on scaffold 4 (Bfv1UA, Bfv2A: Bf_V2_145), and it was 45 % Fig. 2 identical with GLA of human prothrombin. Blasting of GLA sequence against NCBI returned GLA domains of proline-rich Gla protein and jawed vertebrate coagulation factors IX, X, VII, protein S, protein C, prothrombin, as well as FVII, FX, and prothrombin in lamprey. The second additional, incomplete GLA protein (XP_002599944) was found on scaffold 48(Bfv1UA, Bfv2A: f_V2_138) and had 41 % identity to GLA of human prothrombin. Back-search indicated coagulation factor VII, prothrombin and prolinerich Gla protein 3 (PRRG3) in human and proteins described as coagulation factors VII and X in lamprey. The lancelet GLA domains were 41 and 31 % similar to lone GLA of acorn worm, respectively. Both of them were accompanied by EGF domains at the C-terminals. Any protease and kringle domains were present in neither acorn worm nor amphioxus K-dependent proteins.
Kringle Domains
Kringle domains were common in the sea urchin, acorn worm, and abundant in amphioxus, returning over 30, 60, and 100 hits, respectively, often repeating in the same gene. Acorn worm and sea urchin had many proteins described as ''plasminogen-like'', ''similar to plasminogen'', or ''apolipoprotein(a)-like''. They showed 34-45 % similarity with human plasminogen kringles, some of them were proteases with zincdependent metalloprotease domains, but only seven proteins had kringles connected with serine protease domain at N-terminals.
Scaffold 396 Protease Prediction and Molecular Docking
The protein found in amphioxus on scaffold 396 was chosen to predict its hypothetical spatial structure, because of its close 42 % similarity to thrombin serine domain of human. The most imminent homologs in acorn worm and Fig. 3 Phylogenetic trees generated from the serine protease portions of vertebrate coagulation factors, non-hemostatic proteins and amphioxus, acorn worm, and sea urchin thrombin-like serine proteases. a The parsimony tree calculated after 100 bootstrap replications from an alignment of complete serine protease regions. Software used Phylip 3.69 and iTOL. b Markov chain Monte Carlo tree calculated with Blosum62 model. Software used Mrbayes-3.1.2 and iTOL. Proteases: F7 factor VII, F9 factor IX, F10 factor X, HGF hepatocyte growth factor, MASP 1 and 2 mannan-binding lectin serine protease 1 and 2, PC protein C, PT prothrombin, PZ protein Z, PLG plasminogen, TPSB1 anti-tryptase beta-1, TPSG1 tryptase gamma, TPS11B transmembrane protease serine 11B, TR trypsin, TSP50 probable threonine protease PRSS50, PRSS33 probable threonine protease 33, PRSS22 probable threonine protease 22, ACE86411 ''plasminogen'' of B. belcheri tsingtauense, AAO12215 ''trypsin'' of sponge Aplysina fistularis, numeral designations B. floridae serine proteases found on NCBI data base (accessions numerals without XP prefix, species Table 3 sea urchin were also modeled together with thrombin of Japanese lamprey (Lethenteron japonicum) and zebra fish (Danio reiro) as well as three hypothetical predecessors (vertebrate, chordate, and deuterostome ancestor) reconstructed by ANCESCON (Fig. 5) . According to the predicted spatial structure, the chordate ancestor was much more similar to vertebrate ancestor and thrombin of vertebrates than to other predicted proteins. Common ancestor of tested deuterostomes was more closely related to sea urchin and acorn worm (Fig. 5) . Docking of the conserved fragments of fibrinopeptide A, hirudin and a part of PAR-1 predicted by ANCESCON amphioxus protease returned 4, 6 and 4 conformations to 9, respectively, in areas similar to those which are present in the native human thrombin. However, the ligands were bound in distinct configurations (Fig. 6 ).
Discussion
The last common ancestor of all chordates probably lived before the Cambrian period, 550 million years ago. According to molecular phylogeny cephalochordates diverged first, before the split between urochordates (ascidians like sea squirt C. intestinalis) and vertebrates (Putnam et al. 2008) . Although the sea squirt genome examination showed some slight signs of ''precoagulation'' factors (Jiang and Doolittle 2003) , modern ascidians, even more related molecularly to vertebrates, albeit diverse morphologically, were simplified by gene loss, exon-intron loss and genome rearrangements (Putnam et al. 2008 ) and might lose many of ''precoagulant'' proteins. Gene content, exon-intron structure, and chromosomal organization make the amphioxus genome a better surrogate for the ancestral chordate genome (Putnam et al. 2008 ). Hemichordates like S. kowalevskii and echinoderms like S. purpuratus are the closest relatives of chordates and may serve as good reference point. Although our study confirms that there are no authentic coagulation factors in the amphioxus (Doolittle 2009) or in pre-chordates genomes, we found extremely high amount of different coagulationlike domains that shed some additional light on beginnings of hemostasis.
Thrombin-Like Serine Protease Domains in Non-Vertebrate Deuterostomes
Amphioxus genome is particularly rich in serine proteases domains. Some of them show distinct similarities to thrombin. The interesting case is a protein located on scaffold 396 (or XP_002587250 in NCBI nomination). It is 42 % identical to human thrombin, shows the high conservation in sequences characteristic for thrombin, lies close to thrombin on the phylogenetic tree, shares synteny with carnitine palmitoyltransferase, and it only slightly differs from vertebrate thrombin in hypothetical spatial structure (Figs. 2, 3, 4, 5, 6 ). The most striking feature of thrombin is its interaction with Na ? . Na ? binding converts thrombin from the low activity slow (Na ? -free) to the high activity fast (Na ? -bound) form. At the physiological concentration of Na ? (140 mM) ratio of these two forms is 2:3. The fast form is responsible for the cleavage of fibrinogen, activation of coagulation factors V, VIII, XI, and XIII. The fast form is also responsible for the activation of PAR receptors leading to platelets activation and cell signaling. The slow form activates the anticoagulant protein C. The Na ? binding side is located between the 220-loop and the 186-loop and is within 5A from the side chain of Asp 189. (Di Cera 2003; Di Cera 2007; Di Cera 2008; Di Cera 2009; Di Cera et al. 1995; Gandhi et al. 2011; Lane et al. 2005) . The thrombin homolog found in amphioxus has conserved sequence in described region (Fig. 2) . Amino acid Ser214 and Tyr225 are also conserved (except for the acorn worm where Y ? F) as well as GDSGGP motif with catalytic triad Ser195 almost in the middle. The last mentioned residues have important role in the evolution of trypsin-like enzymes in the clotting, complement and developmental cascades (Krem and Di Cera 2002; Loof et al. 2011) . The residue 225 is tyrosine or proline in 95 % of serine proteases from chymotrypsin subfamily. The tyrosine amino acid residue at this position is modern comparing to more ancestral proline residue. Tyrosine residue enables acquisition of Na ? -binding and enhancement of activity, by controlling the conformation of surrounding reaction pocket. This new feature corresponds to secretion of such proteases into the extracellular fluid, were concentration of Na ? is higher than inside the cell, and to the evolutionary appearance of hemolymph with coagulation and complement function in more complex animals (Smith et al. 2001) . The other important thing is conservation of exosite II, which is known to be responsible for platelet glycoprotein binding (Li et al. 2001 ). On the other hand, sequences corresponding to thrombin exosite I seem to be modified by the evolution much more. This protein has several close homologs not only in lancelet genome, but also in genomes of hemichordates and echinoderms. These features allow reconstructing the ''pre-thrombin'' evolution and building a tree-based on predicted spatial structures of thrombin homologs arranged together according to the known divergence of deuterostomes. It reveals that thrombin-like protein ancestor could be present already in chordate predecessor, afterwards evolved divergently in vertebrates and amphioxus (Fig. 5) , but was lost in sea squirts as there is no such close homolog. The closest homolog C. intestinalis is only 36 % identical (more similar to prostasin-like, XP_002131103) and tunicates are currently considered to be closely related to vertebrates rather than to cephalochordates (Putnam et al. 2008) . The mentioned hypothetical chordate protease could in turn evolve from protein that existed even before divergence of echinoderms (Fig. 5) . Recent duplications in cephalochordates formed additional paralogs of the hypothetical predecessor, as could by demonstrated by proteins 75 and 70 % identical with the scaffold 396 protein (or XP_002587250) which are present in amphioxus genome. In evolutionary time scale 70-75 % similarity is a sizable relationship because such proteins like plasma prekallikrein and coagulation XI in human share 68 % identity and diverged probably after split of monotremes and viviparous mammals (Ponczek et al. 2008) .
On the basis of our results, it can be concluded that the ability to cut fibrinogen had to occur in the descendants of described protein ancestor later as, despite some signs of fibrinogen-like genes (Doolittle 2012) It cannot be excluded these genes may signify some signs of multiplication of fibrinogen ancestral genes before splitting of sea squirt and vertebrates predecessors, but after divergence of lancelet, the more so that it has been found by Doolittle that the gene duplications leading to the evolution of the three Ciona polypeptides and the Bbeta and gamma chains of vertebrate fibrinogen occurred within the same general time frame. It is known that sea squirt has several plasminogen-like proteases with attached kringle domains (Jiang and Doolittle 2003) . No one can at the moment say wheather some of them could split the sea squirt cells clumped by hypothetical fibrinogen-like protein mediation. It seems that amphioxus also has fibrinogen-like proteins (Doolittle 2011) . Some of them could have similar properties to the protein found in sea squirt. None of them, however, has fibrinopeptides and knobs recognized and cut thrombin (Doolittle 2012 ). This fact is consistent with week conservation of Exosite I of thrombin-like protein. The other interesting thing in all studied animals is the lack of close homologs of characteristic for thrombin PAR receptors. NCBI Blast returns only 27-28 % similar results that in back searches are close in 41-42 % to human somatostatin receptors. This in turn is in agreement with poor conservation of PAR binding sequences. On the other hand the conservation of exosite II, with its role in glycoprotein binding, may indicate the importance of the ancestor of thrombin in intercellular clumping (Di Cera 2008; Ponczek 2010a; Ponczek 2010b) . Additionally, this hypothesis can be confirmed by conservation of RGD sequence in acorn worm in this region (Fig. 2) .
Referring back to plasminogen, mentioned earlier facts, particularly 44 % similarity of protease domain to human plasminogen protease domain and the observation that ACE86411 in B. belcheri as well as XP_002596007 in B. floridae have tPA activation place (estimated in silico) and that the cloned protein is activated by uPA in vitro (Liu and Zhang 2009) suggest that lancelet ''plasminogen'' may be a descendant of a sole protein predecessor which could have existed in chordate common ancestor and could have given birth to functional plasminogen with multiplication of kringle domains after divergence of vertebrate ancestors.
Plasminogen Activators-Like Serine Protease Domains Moreover, some additional proteases with two kringle domains or with one kringle domain in amphioxus genome were found. Nevertheless, none of them could have been a close relative to vertebrate tPA or uPA, because these homologs were more similar to serine proteases not belonging to hemostatic system. Potential related protease domain could be XP_002605710, which is 40 % identical with both human plasminogen activators. This amphioxus protein does not have kringle domains and it has nearest no kringle homologs in acorn worm and sea urchin. Taking into account that human tPA and uPA share 45 % similarity and are located on separate chromosomes (8 and 10, respectively in human), their splitting must have happened after divergence of vertebrates as an act of global genome duplication or chromosomal duplication.
Multiplication of GLA Domains
The duplication events are well illustrated by GLA domain multiplication. Furthermore, the number of GLA in the acorn worm genome seems to be a half of the number in the lancelet genome and the number of GLA in the lancelet genome is a half of the number of corresponding domains in the sea squirt genome. This subtly outlines how domains needed for the formation of functional factors of hemostasis could be multiplied by succeeding duplications.
The Emergence of Hemostasis Proteases
Although no authentic coagulation factors could be found in any of non-vertebrate chordates and pre-chordate animals, the comparison of genomes of these organisms with vertebrates shed light on the possible scenario of assembling of proteases in hemostasis evolution. Our results partly contradict the putative model of evolution of proteases involved in generation and destruction of fibrin clots presented by Jiang and Doolittle (Jiang and Doolittle 2003) and also described later (Doolittle 2009 ). The authors suggested the existence of one ancestral four-or threekringle root protease that gave birth to prothrombin, plasminogen, both plasminogen activators and other coagulation proteases. Our results do not confirm existence of one ancestral protease for mentioned hemostatic factors that could possess kringle domains but rather indicate the presence of at least three different proteases in primeval deuterostomes. The main arguments against hypothesis of one 3 or 4 kringle predecessor are too large differences in similarities of protease domains between different factors and too much similarity with the same type occurring in vertebrates (Table 2 ) as well as arrangement or lack of additional domains in tested organisms. We hypothesize that in common cephalochordate and vertebrate ancestor minimum three serine proteases could be present that gave birth to IG-like, no kringle and two kringle proteases in lancelets, and accordingly prothrombin, plasminogen activators, and plasminogen/HFG in vertebrates (Fig. 7) . No other protease hemostasis factors had such clear equivalents. It is possible that in common predecessor of vertebrates the ancestor proteases could diverge into present coagulation and fibrinolysis factors after merging with proper N-terminal domains and some adjuvant duplications leading to appearing of cofactors and fibrinogen. The predecessor of thrombin could exists even 710-780 million years ago (Fig. 3) , which is the time close to divergence of protostomes and deuterostomes (Peterson et al. 2008) . Our findings are consistent with hypothesis of Kulman et al. (Kulman et al. 2006) . They suggest Gla-EGF2-serine Fig. 7 Diagrammatic depiction of the deuterostome evolutionary phylogenetic relationships and proposed history of hemostatic-like protease evolution in cephalochordates and vertebrates. a Deuterostome evolutionary tree with proposed history of evolutionary changes (based on McClay 2011). ECH-Echinodermata (e.g., sea urchin), HEM-Hemidermata (e.g., acorn worm), CEP-Cephalochordata (e.g., amphioxus), URO-Urochordata (e.g., sea squirt), CHO-Chordata (e.g., vertebrates). Duplications that led to three putative serine proteases-*, shuffling of domains and further duplications that led to amphioxus proteases, acquisition of new domains and duplications which led to the formation of vertebrate hemostatic factors-***. b Putative divergence of serine proteases of hemostasis and their homologs (known domain arrangement based on sequence PROSITE anticipation-http://www.expasy.ch/prosite). The common chordate ancestor could have had at least three proteins that could have been predecessors of main vertebrate proteases of hemostasis: the first for prothrombin and possibly other extrinsic pathway proteases (1), the second for plasminogen activators (2) and the third for plasminogen (3)
protease prototype arose independently of prothrombin. This could probably mean that the fourth root serine protease could have existed that gave Gla-EGF2-serine protease coagulation factors (Table 4) . It has been recently known that some serine proteases occurring in urochordates like Botryllus schlosseri are homologous to vertebrate blood coagulation proteases and participate in reactions provoked by meeting of different colonies what leads to cell clumping at the sites of contact (Oren et al. 2008) . This may indicate a primarily defensive role, originally fulfilled by the cascade activated serine proteases, which subsequently evolved in vertebrates into the complement system and hemostasis. The future research in the field of molecular biology would localize the place of expression and explain the role of described proteases in pre-chordate organism's further developing understanding of the evolution of hemostasis. 
